We employ a continuum approach to the three valence-quark bound-state problem in relativistic quantum field theory to predict a range of properties of the proton's radial excitation and thereby unify them with those of numerous other hadrons. Our analysis indicates that the nucleon's first radial excitation is the Roper resonance. It consists of a core of three dressed-quarks, which expresses its valence-quark content and whose charge radius is 80% larger than the proton analogue. That core is complemented by a meson cloud, which reduces the observed Roper mass by roughly 20%. The meson cloud materially affects long-wavelength characteristics of the Roper electroproduction amplitudes but the quark core is revealed to probes with Q PACS numbers: 13.40. Gp; 14.20.Dh; 14.20.Gk; 11.15.Tk 1:Introduction. -The strong-interaction sector of the Standard Model (SM) is thought to be described by quantum chromodynamics (QCD), a relativistic quantum field theory. QCD is fascinating because it is plausibly a nonperturbatively well-defined quantum field theory [1] . If so, then it is unique within the SM. QCD is also distinguished by being formulated in terms of degrees-offreedom -gluons and quarks -that are not readily accessible via experiment, i.e. they are confined; and the forces responsible for this effect appear capable of generating more than 98% of the mass of visible matter, in a process known as dynamical chiral symmetry breaking (DCSB) [2] . With so much at stake, it is imperative to reveal and understand the measurable content of QCD.
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1:
Introduction. -The strong-interaction sector of the Standard Model (SM) is thought to be described by quantum chromodynamics (QCD), a relativistic quantum field theory. QCD is fascinating because it is plausibly a nonperturbatively well-defined quantum field theory [1] . If so, then it is unique within the SM. QCD is also distinguished by being formulated in terms of degrees-offreedom -gluons and quarks -that are not readily accessible via experiment, i.e. they are confined; and the forces responsible for this effect appear capable of generating more than 98% of the mass of visible matter, in a process known as dynamical chiral symmetry breaking (DCSB) [2] . With so much at stake, it is imperative to reveal and understand the measurable content of QCD.
Spectroscopy has long served as a valuable tool with which to reach such goals; and so it is with QCD. The computation of the spectrum of hadrons, the collection of readily accessible states constituted from gluons and quarks, which was first given a semblance of order by the constituent-quark model [3, 4] , and subsequent comparison with modern experiment are an integral part of the international nuclear and particle physics effort.
Prominent amongst these investments are nucleon resonance (N * ) programmes, e.g. at Jefferson Lab (JLab), at Bonn and Mainz, and in Japan [5] [6] [7] [8] [9] , which seek answers to a range of critical questions, such as which threequark states (baryons) and resonances are produced by QCD, and how are they constituted? The accompanying theory effort is challenged by the fact that meaningful comparisons with the data are only possible within frameworks that: preserve the symmetries of QCD and the pattern by which they are broken; express the intrinsic mass-scale(s) and features associated with confinement and DCSB; and employ realistic kernels in baryon bound-state equations, which are necessarily relativistic. Meeting these requirements calls for the development and application of nonperturbative methods in QCD.
An additional difficulty for both experiment and theory is that many excited states are short-lived and overlapping, i.e. close in energy and broad in width. This makes it hard to determine their quantum numbers and identify their production mechanisms. A conspicuous case is the "Roper resonance", which has defied complete understanding for almost fifty years [10] . The Roper (now designated [9] N (1440) 1 2 + ) is just like the proton, except for being 50% heavier. Until recently, it could not be explained from QCD by any theoretical method. However, that has changed with the appearance [11] of a good theoretical case in support of the view that the Roper is the proton's first radial excitation, with its unexpectedly low mass arising from a dressed-quark core that is shielded by a meson cloud, which acts to diminish its mass [2] .
This pattern is repeated for many nucleon resonances [12] [13] [14] [15] [16] , with the cloud's impact apparently depending heavily on the state's quantum numbers [11, 17] . It is thus crucial to validate the proposed picture of the Roper. That cannot be achieved by measurements of the mass and width alone, however. One must also penetrate the meson cloud and thereby illuminate the putative dressedquark core. It should be possible to achieve this by measuring nucleon-resonance transition form factors in electroproduction experiments: whilst low-virtuality photons (total momentum Q 2 ≃ 0) are expected to be screened by the meson cloud, high virtuality photons (Q 2 > m 2 N , with m N the nucleon mass) may pierce the cloud, and [12] [13] [14] [15] have yielded a precise extraction of nucleon-Roper (N → R) transition form factors and thereby exposed the first zero-crossing seen in any hadron form factor or transition amplitude. It has also attracted a great deal of theoretical attention, e.g. Refs. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Herein, via the first continuum treatment of this problem using the power of relativistic quantum field theory, we will show that all currently known features of the Roper resonance can be unified with those of the nucleon, ∆-baryon (the lightest nucleon resonance, excited primarily via an M 1 transition) and numerous other hadrons; and confirm the picture described above, viz. the N (1440) 1 2 + is the nucleon's first radial excitation.
2:
Nucleon's first radial excitation. -We compute the mass and wave function of the proton's first radial excitation using the Dyson-Schwinger equations (DSEs) [32] [33] [34] , an approach whose elements have an explicit connection with QCD. In the limit of exact isospin symmetry, which is a good approximation within the strong interaction, the neutron and proton wave functions are indistinguishable, and the same is true for their excitations.
The structure of a proton in relativistic quantum field theory is described by a Faddeev amplitude, obtained from a Poincaré-covariant Faddeev equation, which sums all possible quantum field theoretical exchanges and interactions that can take place between the three dressedquarks that characterise its valence-quark content. A dynamical prediction of Faddeev equation studies that employ realistic quark-quark interactions [35, 36] is the appearance of nonpointlike quark+quark (diquark) correlations within baryons [37] [38] [39] [40] [41] [42] [43] . Consequently, the baryon bound-state problem is transformed into solving the linear, homogeneous matrix equation in Fig. 1 .
Empirical evidence in support of the presence of diquarks in the proton is accumulating [28, [44] [45] [46] [47] [48] . It should be emphasised that these correlations are not the rudimentary, elementary diquarks introduced roughly fifty years ago in order to simplify treatment of the threequark bound-state [49, 50] . The two-body correlation predicted by modern Faddeev equation studies is not frozen; all dressed-quarks participate in all diquark clusters; and the baryon spectrum produced by this Faddeev equation has significant overlap with that of the threequark constituent model and no simple relationship to that of the quark+elementary-diquark model.
Each element of the Faddeev equation depicted in Fig. 1 is specified in Ref. [51] , which provides a successful description of the properties of the nucleon and ∆-baryon, and is part of a body of work that unifies a large array of hadron properties (e.g. see also Refs. [52] [53] [54] [55] [56] ). With these inputs, we constructed the Faddeev equation kernel and used ARPACK software [57] to obtain the mass and Faddeev amplitude of the nucleon and its first J P = 1/2 + excited state. The masses are (in GeV):
These values correspond to the locations of the two lowest-magnitude J P = 1/2 + poles in the three-quark scattering problem. The associated residues are the Faddeev wave functions, which depend upon (ℓ 2 , ℓ·P ), where ℓ is the quark-diquark relative momentum. In Fig. 2 we depict the zeroth Chebyshev moment of all S-wave components in that wave function, i.e. projections of the form
where x = ℓ · P/ √ ℓ 2 P 2 . Drawing upon experience with quantum mechanics and with excited-state mesons studied via the Bethe-Salpeter equation [58] [59] [60] , the appearance of a single zero in S-wave components of the Faddeev wave function associated with the first excited state in the three dressed-quark scattering problem indicates that this state is a radial excitation.
Let us return to the masses in Eq. (1). The empirical values of the pole locations for the first two states in the nucleon channel are [9, 11] : 0.939 GeV and 1.36 − i 0.091 GeV, respectively. (The physical Roper is unstable and hence the associated pole has an imaginary part.) At first glance, these values appear unrelated to those in Eq. (1). However, deeper consideration reveals [63, 64] that the kernel in Fig. 1 omits all those resonant contributions which may be associated with the mesonbaryon final-state interactions that are resummed in dynamical coupled channels models [11, 65, 66] in order to transform a bare-baryon into the observed state. Our Faddeev equation should therefore be understood as producing the dressed-quark core of the bound-state, not the completely-dressed and hence observable object.
For the nucleon itself, clothing the quark-core by including resonant contributions to the kernel produces a physical nucleon whose mass is approximately 0. Fig. 1 , by reattaching the dressed-quark and -diquark legs. Lower panel. Kindred functions for the first excited state. Legend: S1 is associated with the baryon's scalar diquark; the other two curves are associated with the axial-vector diquark; and the normalisation is chosen such that S1(0) = 1. Details are provided in Refs. [61, 62] .
lower than that of the dressed-quark core [67, 68] . Similarly, clothing the ∆-baryon's dressed-quark core lowers its mass by ≈ 0.16 GeV [11] . It is therefore no coincidence that (in GeV) 1.18 − 0.2 = 0.98 ≈ 0.94, i.e. the nucleon mass in Eq. (1) is 0.2 GeV greater than the empirical value. A successful body of work on the baryon spectrum [69] , and nucleon and ∆ elastic and transition form factors [40, 51, 70] has been built upon precisely this knowledge of the impact of omitting resonant contributions and the magnitude of their effects.
Crucial, therefore, is not a comparison between the empirical value of the Roper resonance pole-position and the computed quark-core mass of the nucleon's radial excitation but, instead, that between the quark-core mass and the value determined for the mass of the meson-undressed bare-Roper in Ref. [11] , viz. (in GeV) R herein core R [28] core R [11] bare mass 1.73 1.72 1.76 .
The bare Roper mass in Ref. [11] agrees with both our quark-core result and that obtained using a refined treatment of a vector ⊗ vector contact-interaction [28] . This is notable because all these calculations are independent, with just one common feature; namely, an appreciation that measured hadrons can realistically be built from a dressed-quark core plus a meson-cloud. Fig.1 for both the ground-state nucleon and its radial excitation should produce transition form factors that possess an understandable connection with available data and, indeed, match in accuracy the predictions for the nucleon and ∆-baryon elastic and transition form factors obtained using the same approach [51, 70] . In order to compute the electromagnetic N → R transition form factor, one must first calculate the analogous elastic form factors for the proton and its radial excitation because the Q 2 = 0 values of the associated charge form factors fix the normalisation of the transition. Such calculations proceed from the Poincaré-covariant electromagnetic current for a spin-half baryon:
where: P i,f are, respectively, the four-momenta of the incoming/outgoing baryon, each with mass m i,f so that P
In computing all form factors, we follow Refs. [28, 40, 51] in every respect, including formulation of the current [42, 71] . The transition form factors are obtained from the nucleon elastic form factor expressions by replacing all inputs connected with the final state by those for the radial excitation associated with the wave function in Fig. 2 . The critical issue is whether the form factors thus obtained have any relationship to those measured in the proton-Roper transition.
The QCD-based Faddeev equation predicts the existence of diquark correlations within baryons, so we first compare the diquark content of the nucleon and its radial excitation. That information is contained in F 1 (Q 2 = 0), i.e. the zero-momentum value of the elastic Dirac form factor [28, 51, 72] ; and we find:
namely, the relative strength of scalar and axial-vector diquark correlations in the nucleon and its radial excitation is the same. The last column in Eq. (5) 
N . Solid (black) curve, our prediction; dot-dashed (red) curve, contact-interaction result [28] ; dotted (green) curve, inferred meson-cloud contribution; and dashed (blue) curve, anticipated complete result. Lower panel -F * 2 (x) with same legend. Data in both panels: circles (blue) [13] ; triangle (gold) [14] ; squares (purple) [16] ; and star (green) [9] .
concerning the P 2 -dependent character of the eigenvalue spectrum of a Poincaré-covariant bound-state kernel.)
The prediction P R J=0,1 ≈ P N J=0,1 contrasts starkly with the contact-interaction result [28, 69] : P J=0 ≈ 0. In our view the latter should now be viewed as an artefact of the contact-interaction, which owes to the (over-)simplicity of the Faddeev kernel in that case. This conforms with observations made elsewhere [28, [74] [75] [76] , viz. that whilst a contact-interaction can yield useful insights into hadron static properties, it often fails in connection with structural properties that probe energy scales in excess of that associated with DCSB [32] [33] [34] 
Charge radii may also be computed from the elastic form factors; and we find r Ψ R + /r Ψ p = 1.8, i.e. a radius for the radial excitation that is 80% larger than that of the ground-state. The ratio of magnetic radii is 1.6.
With the normalisations fixed, it is straightforward calculate to the p → R transition form factors. Our results are displayed in Fig. 3 . The upper panel depicts the Dirac transition form factor F * 1 = F Rp 1 , which vanishes at x = 0 owing to orthogonality between the proton and its radial excitation. Our calculation agrees quantitatively in magnitude and qualitatively in trend with the data on x 2. Nothing was tuned to achieve these results. Instead, the nature of our prediction owes fundamentally to the QCD-derived momentum-dependence of the propagators and vertices employed in formulating the bound-state and scattering problems. This point is further highlighted by the contact-interaction result: with momentum-independent propagators and vertices, the prediction disagrees both quantitatively and qualitatively with the data. Experiment is evidently a sensitive tool with which to chart the nature of the quark-quark interaction and hence discriminate between competing theoretical hypotheses; and it is plainly settling upon an interaction that produces the momentum-dependent dressed-quark mass which characterises QCD [77] [78] [79] .
The mismatch between our prediction and the data on x 2 is also revealing. As seen previously, e.g. Refs. [40, 51, 70] , this is the domain upon which mesoncloud contributions are expected to be important. An estimate of that contribution is provided by the dotted (green) curve in Fig. 3 . If this curve is added to our prediction, then one obtains the dashed (blue) curve, which is a least-squares fit to the data on x ∈ (0, 5). The correction curve has fallen to just 20% of its maximum value by x = 2 and vanishes rapidly thereafter so that our prediction alone remains as the explanation of the data.
The lower panel of Fig. 3 depicts the Pauli form factor, F * 2 = F Rp 2 . All observations made regarding F * 1 also apply here, including those concerning the estimated meson-cloud contributions. Importantly, the existence of a zero in F * 2 , a prominent feature of the data, is not influenced by meson-cloud effects, although its precise location is. (The same is true of the p → ∆ + electric transition form factor.) Thus any realistic approach to the proton-Roper transition must describe a zero in F * 2 . It is worth noting in addition that our prediction F * 2 (x = 0) = −0.65, i.e. for the Pauli form factor at the photoproduction point, is consistent with contemporary experiment: −0.58 ± 0.02 [14] and −0.62 ± 0.04 [9] . 4:Summary. -We computed a range of properties of the dressed-quark core of the proton's radial excitation and in all cases found they provide an excellent understanding and description of data on the proton-Roper transition and related quantities derived using dynamical coupled channels models. Our analysis is based on a sophisticated continuum framework for the three-quark bound-state problem; all elements employed possess an unambiguous link with analogous quantities in QCD; and no parameters were varied in order to achieve success. Moreover, no material improvement in these results can be envisaged before either the novel spectral function methods introduced in Ref. [80] have been extended and applied to the entire complex of nucleon, Delta and Roper properties that are unified herein or numerical simulations of lattice-regularised QCD become capable of reaching the same breadth of application and accuracy.
On the strength of these results and remarks we conclude that the observed Roper resonance is at heart the nucleon's first radial excitation and consists of a welldefined dressed-quark core augmented by a meson cloud that reduces its (Breit-Wigner) mass by approximately 20%. Our analysis shows that a meson-cloud obscures the dressed-quark core from long-wavelength probes; but that it is revealed to probes with Q 2 3m 2 N . This feature is typical of nucleon-resonance transitions; and hence measurements of resonance electroproduction on this domain can serve as an incisive probe of quark-gluon dynamics within the Standard Model, assisting greatly in mapping the evolution between the nonperturbative and perturbative domains of QCD.
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